experiments conducted in the northern part of the Okinawa Main Island. However, since the effects that grass strips have on reducing reddish sediment runoff presented in these studies were obtained under limited conditions, these effects do not fully reveal the relationship between various installation conditions of grass strips conceivable at a site and their effects on reducing the runoff of reddish sediment. Therefore, this study aims to establish a mathematical model to represent the sediment trapping process of grass strips as part of efforts to present, through the analysis of a mathematical model, the relationship between various installation conditions of grass strips and their effects on reducing the runoff of reddish sediment. First, flume experiments were performed using a simulated grass model and then a grass model developed to experimentally simulate the sediment-trapping process of grass strips. The results of these experiments allowed us to obtain the necessary characteristics. Next, a mathematical model was established for simulating the sediment trapping processes of the grass strips used in the flume experiments, and the model was verified.
Flume experiment

Flume experiment with bamboo rod model
Flume experiments with a bamboo rod model simulating grass strips were conducted to clarify the process of surface flow and sediment transport in and around a grass strip. The experiments used an acrylic flume with a rectangular cross section, total length 12.0 m, width 0.145 m, depth 0.150 m and gradient of 0.02. The rod model was made of a polyvinyl chloride plate with a width of 0.145 m and thickness of 3 mm, where 2.5 mm-diameter and 0.15 m-long bamboo rods were arranged vertically to form grids of 40,000 rods/m 2 . The rod model was installed as a section extending 1.50 m from the downstream end of the flume. To prevent the occurrence of steps on the flume floor when installing this model, a plywood board with a thickness of 9 mm was placed on the flume floor immediately under the model, and another board with a thickness of 12 mm placed upstream of the model. Both boards were coated with varnish. Four types of sediment were used for the experiments: GK-9, NK-9, Goto Clay (these three were made by Kumamoto Silicasand Industry Co., Ltd.) and Kunigami Maji. The last soil was collected from the Arashiyama field in Nago on the northern part of the Okinawa Main Island (26˚38'N, 127˚59.5'E). The particle densities of GK-9, NK-9, Goto Clay and Kunigami Maji were 2.63, 2.61, 2.71 and 2.71 Mg/m 3 , respectively. Figure 1 shows the particle size distribution of the test sediments used. Figure 2 shows an outline of the flume experiment with the rod model, and Table 1 shows the experimental conditions. In these experiments, clean water with a constant flow rate was supplied from the upstream end of the flume. Then, a sediment-water mixture was supplied at a constant rate into the running water at a point 2.0 m downstream from the upstream end, so that sediment-laden water with a constant concentration of sediment flowed at a constant rate. The flow rate was set to form a surpercritical flow so as to prevent sediment from being deposited upstream of the flume. The flow rate was measured by means of an HS flume installed at the downstream end. The sediment-water mixture was prepared in advance in a bucket, which was mixed with a mixer during the experiments. The flow rate of the mixture supplied was regulated using a meter pump (Masterflex Inc, . The experiments continued for durations of 150 to 390 minutes. While the water was running, water levels were measured at intervals of 0.2 to 0.5 m along the length of the flume with a point gage (KENEK, to determine the water surface profile. Two hundred ml of water was sampled from the running water both upstream and downstream of the rod model every 30 minutes and sediment concentrations in the running water measured by the oven-drying method. The upstream sampling point was set immediately upstream of the hydraulic jump due to the influence of the rod model. After each experiment, the bed surface profile was measured along the length of the flume with the point gage. 
Flume experiment with grass model
Flume experiments with a grass model simulating grass strips were also conducted to clarify the characteristics of sediment removal by grass strips. Centipede grass (Eremochloa ophiuroides (Munro) Hack.), a turf grass, was used for the grass model. Shiono et al. (2007) reported that grass strips made from centipede grass were effective for reducing reddish sediment loads under typical farmland conditions. Dead grass was substituted for living grass in these experiments because the shape and the stiffness of the dead grass was almost the same as the living grass and multiple flume experiments could be conducted under the same grass conditions. The turf grass was grown at a field in the National Agricultural Research Center for Kyushu Okinawa Region in Kumamoto, Japan. When collected, the grass was 10 cm high, the vegetation cover ratio was 100% and the surface portion was dead. The grass bodies collected also covered the root section from the surface down to a depth of 10 cm with soil attached. After collection, only the surface portion was selected, and the roots and soil were removed. These plant bodies were then attached to a polyvinyl chloride plate with a width of 0.145 m and thickness of 3 mm to form the grass model used for the experiments. The flume and grass models were installed in the same way as in 2.1, and the abovementioned Kunigami Maji sediment was used in the experiments. The experiments were conducted in a manner similar to that in 2.1, that is, clean water was supplied from the upstream end of the flume. Then at a point 2.0 m downstream from the upstream end, a sediment-water mixture was supplied into the running water, so that sediment-laden water with a constant concentration of sediment flowed at a constant rate. Each experiment continued for 60 minutes. While the water was running, water level was measured for the water surface profile along the length of the flume as in 2.1. Also water was sampled every 10 minutes to determine the sediment concentration in the upstream and downstream flow of the grass model. The experimental conditions are given in Table 2 . In Cases B-1 to B-6, the length of the model in the longitudinal direction was fixed at 1.5 m, while the flow rate was set at three steps within the range of 1.0110 -4 to 2.9510 -4 m 3 ·s -1 and the sediment concentration was set at two steps of 710 -4 and 1.410 -3 m 3 ·m -3 . On the other hand, in Cases C-1 to C-4, the experiments were performed with the model length set at four steps within the range of 0.5 to 5.9 m. The experiments also included sampling of running water in the upstream and downstream flows of the grass model to determine the distribution of equivalent sizes of sediment particles contained in the running water. The distribution of equivalent particle size was obtained by the pipette method. The equivalent particle size is defined here as the diameter of a spherical particle having a sediment particle density and a falling velocity that are equal to the target sediment particles or aggregates under consideration. For this purpose, only distilled water was used for dispersion of the sediment samples in the process of the pipette method. 
Experiments on flow conditions in grass and rod models
Pipe channel experiments were performed to identify flow conditions within the grass models used in the above mentioned experiments. These experiments adopted an acrylic pipe channel with a rectangular cross section, total length 1.0 m, width 0.145 m and depth 0.10 m, where the grass model was placed along the entire channel. Then, as indicated in Fig. 3 , the channel was filled with clear water at a constant flow rate to determine the relationship between the flow rate and the hydraulic gradient. The flow rate was Q = 6.9410 -5 to 2.0310 -3 m·s -3 , and the average flow velocity in the cross section u = 1.4510 -2 to 1.7610 -1 m·s -1 . The experiments provided data on the flow conditions corresponding to 9 to 15 steps within the above parameter ranges, where measurements were made using a bucket. The hydraulic gradient was obtained from the water level differences between the two acrylic pipes installed in the pipe channel and the distance (0.90 m) between them. The heights of the grass model were set at four steps: 3.2, 5.5, 7.7 and 10.0 cm. First, the experiment was conducted for the 10.0 cm-high grass model, and then the top was cut to 7.7 cm. Subsequently, other heights were also set in a similar way. For grass heights other than 10.0 cm, plywood boards were placed beneath the grass model to adjust the channel floor height and ensure that all water flowing into the channel passed through the grass. Experiments on the flow characteristics of the rod model were also performed in a similar manner, but the acrylic pipe channel used had a rectangular cross section with a total length of 1.0 m, a width of 0.145 m and a depth of 0.16 m, while the model height was set at one step only of 0.15 m. The flow rate given was Q = 2.6210 -4 to 3.1810 -3 m·s -3 , while the average flow velocity in the cross section was u = 1.3910 -2 to 1.6910 -1 m ·s -1 . The experiments provided data on the flow conditions corresponding to 17 steps within the above parameter ranges.
Results and discussion for flume experiments
Flume experiments with bamboo rod model
In the experiments for Cases A-1 to A-12, the running water flowed upstream of the flume as a supercritical flow, resulting in the generation of a hydraulic jump upstream of the rod model. Downstream of the hydraulic jump the flow velocity decreased so the water ran at a subcritical flow. At the start of the experiments, the hydraulic jump was located 0.7 to 2.1 m upstream of the model upstream end. However, during the experiments, the jump location gradually shifted upstream due to sediment being deposited on the flume bed, and by the time the experiments were finished the location was 1.4 to 4.0 m upstream of the model upstream end. The sediment contained in the running water did not deposit on the flume bed in the section upstream of the hydraulic jump, but instead flowed as bed load or suspended load sediment. In the section downstream of the hydraulic jump, that is, in the backwater section or the rod model section, some sediment was deposited on the flume bed due to a decrease in flow velocity, while other sediment passed with the running water through the rod model section. The depth of sediment deposited peaked in the backwater section, while the depth gradually decreased along the downstream direction in the model section. During the experiments, the sediment deposition depth and the length of the deposition section gradually increased, while the sediment concentration on the model downstream side remained almost unchanged. As indicated in Table 1 , the sediment reduction rates for the rod model obtained from the time average of sediment concentrations in the upstream and downstream flows of the model ranged from 40.8 to 97.6%. It is evident that the sediment reduction rates vary depending on the conditions set. Particularly, in experiment Case A-1 using sediment GK-9 with course particles, the rate was as high as 97.6%.
Flume experiments with the grass model
The sediment reduction rates for the grass model varied depending on the flow rate and concentration of sediment in the upstream side. As indicated in Table 2 , the sediment reduction rates obtained from the time average of sediment concentrations in the upstream and downstream flows of the grass model for Cases B-1 to B-6 ranged from 49.3 to 76.1%. An overview of the relationship between the sediment reduction rate and measurements of the flow rate and the upstream-side sediment concentrations suggests the sediment reduction rate was smaller for increased flow rates, while the rate decreased to some extent for higher upstream sediment concentrations. The sediment reduction rates of the grass model also varied in accordance with the model length. As indicated in Table 2 , the sediment reduction rates obtained from the time average of sediment concentrations in the upstream and downstream flows of the grass model for Cases C-1 to C-4 ranged from 46.1 to 60.5%. In other words, the reduction rate was larger when model length increased.
The results of the analysis for particle sizes of the sediment collected on the upstream side of the grass model in each experiment showed that the average fractions of equivalent particle size for 0 to 0.002, 0.002 to 0.02, 0.02 to 0.2 and 0.2 to 0.5 mm were 13%, 44%, 39% and 4%, respectively. This evidences the sediment with a particle size equivalent to silt and fine sand is predominant, while the fraction of particles equivalent in size to clay and course sand is small. The effect of the grass model on reducing sediment runoff varies depending on the equivalent particle size. Figure 4 shows the time-averaged sediment loads for each equivalent particle size class in the upstream and downstream flows of the grass model of experiment C-3. As is shown here, the sediment loads for particle size classes of 0.02 to 0.2 and 0.2 to 0.5 mm on the downstream side are remarkably small compared with those on the upstream side, while those of the 0 to 0.002 and 0.002 to 0.02 mm particle size classes on the downstream side are somewhat smaller than on the upstream side. The sediment reduction rates in all cases with an equivalent particle size of 0 to 0.002, 0.002 to 0.02, 0.02 to 0.2 and 0.2 to 0.5 mm were 0 to 68, 2 to 64, 88 to 100 and 100%, respectively. Sediment with an equivalent particle size of larger than 0.02 mm was mostly trapped by the grass model, while only some sediment with particle sizes smaller than 0.02 mm was trapped. Such characteristics of the sediment trapping by grass depending on particle sizes were also reported by Shiono et al. (2007) . 
Numerical model calculation
A numerical model was constructed for simulating surface flow and sediment transport processes in and around the rod model and the grass model. 
Basic model equations
When simulating the sediment trapping process in the flume experiments with the rod model, the continuity equation (1) and the momentum conservation equation (2) were employed for calculating flows in the flume, while calculation of sediment transport used the continuity equation (3). (Shimada et al., 2005) . On the basis of the experimental results in 3.3, q sui for the model section for both models is set at zero. The Rubey equation is used to calculate w oi . The above equations (1) and (3) are also used for experiments with the grass model, but equation (4) given below is used instead of (2) as the equation of conservation of momentum for calculating flows in the flume. 
where K s is the grass permeability coefficient (Shimizu et al., 1991 ). For K s (m·s -1 ) an empirical formula (K s = 0.0011exp(57.9·h)+0.313) obtained from the results of the flume experiment performed with a grass model was used, where h is the water depth (m).
Calculation method
The numerical calculation based on the above equations used the MacCormack method (Okabe, 1992) . The difference distance interval Δx and difference time interval Δt were set at 0.02 m and 0.005 sec, respectively. Sediment particle sizes in terms of the equivalent particle sizes were divided into four classes: 0 to 0.002, 0.002 to 0.02, 0.02 to 0.2 and 0.2 to 0.5 mm. The first two classes were used for calculations as suspended sediment while the last two were used as bed load sediment. The upstream end in the calculation was set at a point 1 to 2 m on the upstream side from the hydraulic jump location in the experiments. At this point, the boundary conditions were set for Q, h and C i , that is, the flow rate obtained in the experiments was taken as Q, the normal depth of the flow condition was taken as h, while C i was calculated on the basis of sediment concentration and composition of particle sizes on the upstream side obtained in the experiment. The downstream end in the calculation was set at the downstream end of the flume, and the critical depth of the flow condition was given for h as a boundary condition. First, calculations used only the flow equations under the initial conditions, and at a time when the steady state condition was reached, C i was introduced at the upstream end as the sediment concentration to start the calculation. Thereafter, calculations were performed for the experiment duration for each case.
Results and discussion for numerical model simulation
Numerical simulation for rod model experiments
The measurements of the experiments using the bamboo rod model and the numerical simulation were compared. Figure 5 shows the measured and calculated values for the water surface and the flume bed levels in and around the rod model in the flume upon completion of the experiments on Cases A-1, A-2, A-7 and A-10. This figure indicates the calculations for the water surface and the bed level profile along the length of the flume are generally in good agreement with the experimental results. Also in terms of the water surface profile, the water level at each point including the hydraulic jump is generally simulated. Certain differences appear between the measured and calculated values of the bed level profile in the flume in the vicinity of the upstream end of the rod model. The sediment deposition depth peaks in the backwater section, while in the model section, the depth gradually becomes smaller towards the downstream end. These experimental features of sediment deposition were also simulated. The simulations also showed that the sediment concentration at the downstream end had almost no change over time. Figure 6 indicates the comparison of the calculated and measured values for the time average of the sediment concentration at the downstream end of the flume. Calculated values of sediment concentration are similar to the experimental values, with the magnitude of relative error being 0 to 58% and mean magnitude of relative error being 23%. This shows the simulation generally reproduced the time average for the measurements of sediment concentrations obtained in each experiment. The above comparisons suggest the numerical model established in this study can effectively simulate the sediment transport process in and around the rod model and also can estimate the time average of the concentration of sediment passing through the rod model.
Numerical simulation for grass model experiments
Then, the measurement results of the flume experiments with the grass model and the numerical simulation results were compared. Figure 7 shows the comparison of the calculated and measured values of the time average of the sediment concentration at the downstream end obtained in the experiments of Cases B-1 to B-6, and C-1 to C-4. Although two calculated values of B-1 and B-2 are larger than their measured values, in the other eight cases, there is good agreement between the calculated and measured values. The plotted points are above the 1:1 straight line, that is, calculated values tend to be larger than the measured values. Magnitude of relative error was in the range of 0 to 130%. More specifically, 72% and 130% for Cases B-1 and B-2, respectively, and 0 to 45% for the other cases, with the overall mean magnitude of relative error being 29%.
www.intechopen.com Figure 8 shows the comparison of the concentration of sediment having equivalent particle sizes of 0 to 0.002 mm, where all the calculated values are above the measured ones. The calculated values of Cases B-1, B-2 and B-4 are fairly large compared with the measured values, and in the other seven cases, the calculated values are somewhat larger than the measured ones. Magnitude of relative error was in the range of 12 to 147%. More specifically, the values were 137%, 147% and 109% for Cases B-1, B-2 and B-4, respectively, and 12 to 51% for other cases, with the overall mean magnitude of relative error being 62%. The comparisons of the concentration of sediment having an equivalent particle size of 0.002 to 0.02 mm are given in Fig. 9 . The calculated value of Case B-2 is fairly large compared with the measured value, but in the other nine cases the calculated values are similar to the measured ones. Magnitude of relative error was in the range of 3 to 124%. More specifically, the values were 124% for B-2 and 3 to 57% for the other cases, with the overall mean magnitude of relative error being 27%. For the two equivalent particle size classes larger than 0.02 mm, all the time averages of the calculated results of C out were 0.00 m 3 ·m -3 . Comparison with the experimental results presented in 3.2 shows that the calculated values well reproduce the measured values of each experiment. Comparing the time averages of the sediment concentrations for the grass model flume experiments with the numerical simulation showed good agreement for the equivalent particle size classes other than the 0 to 0.002 mm class, the calculated sediment concentration of 0 to 0.002 mm class was large. Since the ratio of the equivalent particle size class 0 to 0.002 mm was only 13% of all the sediment used in the experiments, the influence of over estimation for this size class in the model simulation does not severely affect the overall estimation. Therefore, the numerical model established in this study is valid for determining concentrations of sediment passing through the grass. The validation results indicate the model is useful to evaluate grass strips for reduction of sediment runoff. 
Conclusion
This study provides an understanding of the sediment transport process in and around grass strips as part of an effort to accurately evaluate the effect of grass strips to reduce the runoff of reddish sediments to prevent runoff of reddish sediment in the Okinawa region of Japan. Based on this understanding, a mathematical model has been established to simulate the processes. That is, flume experiments performed to simulate sediment transport in and around grass strips demonstrated (i) the features of deposition depth distribution of sediment trapped by the rod model, (ii) the relationship between the reduction ratio of runoff of reddish sediment in a grass model and the inflow rate, the length of the grass model and particle size classes, and ( Although the concentration of sediment with an equivalent particle size of 0 to 0.002 mm was fairly large, the concentration of sediment with other particle sizes and the overall concentrations were in good agreement. Therefore, the numerical model established in this study can effectively estimate the concentration of sediment passing through the grass model and also the concentration of sediment of each equivalent particle size class demonstrated in this study. Further studies are required on applicability of the numerical model under field conditions, followed by evaluation of the sediment trapping effect of grass strips with the numerical model simulation. The purpose of this book is to put together recent developments on sediment transport and morphological processes. There are twelve chapters in this book contributed by different authors who are currently involved in relevant research. First three chapters provide information on basic and advanced flow mechanisms including turbulence and movement of particles in water. Examples of computational procedures for sediment transport and morphological changes are given in the next five chapters. These include empirical predictions and numerical computations. Chapters nine and ten present some insights on environmental concerns with sediment transport. Last two contributions deal with two large-scale case studies related to changes in the transport and provenance of glacial marine sediments, and processes involving land slides.
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